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The inclusive J/ψ transverse momentum (pT ) spectra and nuclear modification factors are re-
ported at midrapidity (|y| < 1.0) in Au+Au collisions at √sNN = 39, 62.4 and 200 GeV taken by
the STAR experiment. A suppression of J/ψ production, with respect to the production in p + p
scaled by the number of binary nucleon-nucleon collisions, is observed in central Au+Au collisions
at these three energies. No significant energy dependence of nuclear modification factors is found
within uncertainties. The measured nuclear modification factors can be described by model calcu-
lations that take into account both suppression of direct J/ψ production due to the color screening
effect and J/ψ regeneration from recombination of uncorrelated charm-anticharm quark pairs.
I. INTRODUCTION
The Relativistic Heavy Ion Collider (RHIC) was built
to investigate strongly interacting matter at high tem-
perature and energy density in the laboratory through
high-energy heavy-ion collisions. At extremely high tem-
peratures and baryon densities, a transition from the
hadronic phase of matter to a new deconfined partonic
phase, the Quark-Gluon Plasma (QGP), is predicted by
3Quantum Chromodynamics (QCD) [1]. It has been
proposed that the color potential in quarkonia could be
screened by quarks and gluons in the QGP [2]. Quarko-
nia are bound states of charm-anticharm (cc¯) or bottom-
antibottom (bb¯) quark pairs. As a consequence, quarko-
nium production cross sections in heavy-ion collisions di-
vided by the corresponding number of binary nucleon-
nucleon collisions, Ncoll, are expected to be suppressed
compared to those in p+ p collisions if QGP is formed in
heavy-ion collisions.
The J/ψ is the most abundantly produced quarkonium
state accessible to experiments. Over the past twenty
years, J/ψ suppression in hot and dense media has been
a topic of growing interest. Various measurements of J/ψ
have been performed in different collision systems and at
different energies, and indeed a suppression of J/ψ pro-
duction has been observed [3–6]. A similar centrality
dependent suppression was found at SPS (S+U
√
sNN =
19.4 GeV [7], Pb+Pb
√
sNN = 17.2 GeV [8] and In+In√
sNN = 17.2 GeV [5]) and at RHIC (Au+Au
√
sNN =
200 GeV [9, 10]) for midrapidity, even though the tem-
perature and energy density reached in these studies are
significantly different [11]. Furthermore, a stronger sup-
pression at forward rapidity (1.2 < |y| < 2.2) compared
to midrapidity (|y| < 0.35) was observed at RHIC [9].
These observations indicate that effects other than color
screening are important for J/ψ production. Among
these effects, J/ψ production from the recombination
of cc¯ [12] was suggested to explain the suppressions at
SPS and RHIC [13]. With the higher temperature and
density at RHIC, the increased contribution due to re-
generation from the larger charm quark density could
compensate for the enhanced suppression. This could
also explain a stronger suppression at forward rapidity at
RHIC where the charm quark density is lower compared
to midrapidity [12–15]. In addition to the color screen-
ing and regeneration effects, there are also modifications
from cold nuclear matter (CNM) effects and other final
state effects, such as nuclear parton distribution func-
tion modification [16], initial energy loss [17], Cronin
effect [18], nuclear absorption [19] and dissociation by
co-movers [20]. The suppression due to these effects has
been systematically studied experimentally via p+A col-
lisions [21–29]. However, the extrapolation from p+A to
A+A is still model dependent.
The nuclear modification factor of J/ψ production in
Pb-Pb collisions at
√
sNN = 2.76 TeV has been mea-
sured at the LHC [30–32]. In comparison with results
from RHIC in Au+Au collisions at
√
sNN = 200 GeV,
the J/ψ production is significantly less suppressed, which
suggests significantly more recombination contribution at
LHC energies. The measurement of J/ψ production at
forward rapidity (1.2 < |y| < 2.2) in Au+Au collisions by
the PHENIX experiment at
√
sNN = 39 and 62.4 GeV
indicates a similar suppression level as that at
√
sNN =
200 GeV [33]. Measurements of J/ψ invariant yields at
different collision energies at RHIC in different centrali-
ties at mid-rapidity can shed new light on the interplay
of these mechanisms for J/ψ production and properties
of the medium.
In this letter, we further study the collision energy
dependence of J/ψ production and test the hypothesis
of these two competing mechanisms of color screening
and regeneration in the hot medium. We present mea-
surements of the J/ψ production at midrapidity (|y| <
1) with the STAR experiment in Au+Au collisions at√
sNN= 39, 62.4 and 200 GeV using data collected dur-
ing 2010 and 2011 running at RHIC and study the nuclear
modification factors at these energies. The data sample
used in this analysis (RHIC Run 2011) is different from
the previous published results [10] (RHIC Run 2010) for
Au+Au collisions at
√
sNN= 200 GeV.
II. EXPERIMENT AND ANALYSIS
The STAR experiment is a large-acceptance multi-
purpose detector which covers full azimuth with pseu-
dorapidity of |η| < 1 [34]. The Vertex Position De-
tector (VPD) was used to select Au+Au collisions that
were within ±15 cm of the center of the STAR detector
[35]. The total numbers of 0-60% central minimum-bias
events that are used in this analysis are 182 million, 94
million, and 360 million for 39, 62.4 and 200 GeV, re-
spectively. The J/ψ is reconstructed through its decay
into electron-positron pairs, J/ψ → e+e− (branching ra-
tio Br(J/ψ → e+e−)= 5.97± 0.03% [36]). The primary
detectors used in this analysis are the Time Projection
Chamber (TPC) [37], the Time-of-Flight (TOF) detec-
tor [38], and the Barrel Electromagnetic Calorimeter
(BEMC) [39]. The TPC provides tracking and particle
identification via the ionization energy loss (〈dE/dx〉) of
charge particles. The TOF [38] measures the velocity
of particles, which greatly improved electron identifica-
tion at low pT . This detector, combined with the TPC
[37], clearly identifies electrons by rejecting hadrons in
the low and intermediate pT range (pT < 1.5 GeV/c).
The BEMC [39], a lead-scintillator calorimeter, is used to
improve the electron identification at high pT (pT > 1.5
GeV/c). The electron identification method is similar to
Ref. [10, 40].
Collision centrality was determined from the uncor-
rected charged particle multiplicity dN/dη within |η| <
0.5 using a Monte Carlo (MC) Glauber model [41]. The
dependence of dN/dη on the collision vertex position Vz
and the beam luminosity has been included to take ac-
ceptance and efficiency changes on the measured dN/dη
into account. For each collision centrality, an average
impact parameter, 〈b〉, average number of participants,
〈Npart〉, and average number of binary collisions, 〈Ncoll〉,
were related to an observed multiplicity range. Central-
ity definitions in Au+Au collisions for
√
sNN = 39, 62.4
and 200 GeV are summarized in Table I.
The daughter tracks of the J/ψ candidates are re-
quired to have at least 25 out of the 45 possible TPC
hits, and a distance of closest approach (DCA) from
4√
sNN (GeV) Centrality (%) 〈Npart〉 〈Ncoll〉 〈b〉(fm)
39
0 - 20 273 ± 6 629 ± 26 4.4 ± 0.2
20 - 40 137 ± 11 245 ± 26 8.0 ± 0.3
40 - 60 59 ± 10 79 ± 17 10.4 ±0.4
0 - 60 156 ± 8 316 ± 22 7.6 ± 0.3
62
0 - 20 276 ± 5 664 ± 25 4.4 ± 0.2
20 - 40 139 ± 10 258 ± 27 8.0 ± 0.3
40 - 60 60 ± 10 82 ± 18 10.4 ±0.4
0 - 60 157 ± 9 332 ± 23 7.6 ± 0.3
200
0 - 20 280 ± 6 785 ± 29 4.4 ± 0.2
20 - 40 142 ± 11 300 ± 31 8.0 ± 0.3
40 - 60 62 ± 10 95 ± 21 10.4 ±0.4
0 - 60 161 ± 9 393 ± 27 7.6 ± 0.3
TABLE I. Summary of centrality bins, average number of
participants 〈Npart〉, number of binary collisions 〈Ncoll〉, and
impact parameter 〈b〉 from MC Glauber simulation of Au+Au
at
√
sNN = 39, 62 and 200 GeV. The errors indicate uncer-
tainties from the MC Glauber calculations.
the primary vertex of less than 3 cm. Low momentum
(p < 1.5 GeV/c) electron and positron candidates are
separated from hadrons by selecting on the inverse ve-
locity, |1/β− 1| < 0.03, where β is the velocity measured
in the TOF normalized by the speed of light. The cut
value is determined using a three standard deviation win-
dow. At high momentum (p > 1.5 GeV/c), a cut on the
ratio of momentum to energy deposited in towers from
BEMC (0.3 < pc/E < 1.5) is used to suppress hadrons.
The electron and positron candidates are then identified
by their specific energy loss (〈dE/dx〉) in the TPC. More
than 15 TPC hits are required to calculate 〈dE/dx〉. The
normalized 〈dE/dx〉 is defined as follows:
nσe =
ln(〈dE/dx〉m/〈dE/dx〉the )
RdE/dx
(1)
where 〈dE/dx〉m and 〈dE/dx〉th represent measured and
theoretical values, respectively, and RdE/dx is the ex-
perimental ln(dE/dx) resolution. The nσe cut for elec-
tron identification is −1.5 < nσe < 2. The combination
of these cuts enables the identification of electrons and
positrons over a wide momentum range [10]. The elec-
tron sample purity integrated over the measured pT re-
gion is over 90%. Our measurement of J/ψ covers the
rapidity range |y| < 1 due to the STAR acceptance and
decay kinematics.
The J/ψ signal is extracted by subtracting combi-
natorial background reconstructed from the unlike-sign
mixed-events spectrum. The like-sign and mixed-events
distributions are obtained as follows:
1) Like-sign: Electrons (or positrons) of the same charge
sign are paired within the same event.
2) Mixed-events: Events are categorized according to the
position along the beam line of the primary vertex
and centrality of the event. Electrons from one event
are paired with positrons from other random events
from an event pool with similar global features such
as collision centrality and vertex position. The vertex
position is divided into 20 bins and the event centrality
into 10 bins to ensure that the mixing is done using
tracks from similar conditions.
The invariant mass distribution of e+e− pairs before
and after the combinatorial background subtraction in
0 - 60 % central Au+Au collisions are shown in Fig. 1
for
√
sNN = 39, 62.4, and 200 GeV. The mixed-event
background is normalized to the like-sign distribution in
a mass range of 2.0 - 4.0 GeV/c2 and the normalized
shapes show close agreement. For the results reported in
this paper, we use the mixed-event method for the combi-
natorial background subtraction. The mass distribution
of e+e− is fitted by J/ψ signal shape obtained from MC
simulation, which includes the resolution of the TPC and
bremsstrahlung of the daughter electrons in the detector,
combined with a straight line for residual background.
The residual background mainly comes from the corre-
lated open charm decays and Drell-Yan processes. The
raw J/ψ signal is obtained from bin counting in the mass
range 2.7 - 3.2 GeV/c2 after combinatorial and residual
background subtraction. The fraction of J/ψ counts out-
side of the mass window was determined from the J/ψ
MC simulated signal shape and was found to be ∼ 5%.
This was used to correct the number of J/ψ counts. The
modified J/ψ signal shape due to internal radiation was
also considered and has been treated as a source of sys-
tematic uncertainties (∼ 5%) in yield extraction. Signal-
to-background ratios for these three energies are observed
to be 0.62, 0.39, and 0.04, respectively for 0 < pT < 3
GeV/c (39 and 62 GeV) and 0 < pT < 5 GeV/c (200
GeV). The J/ψ invariant yield is defined as
BrJ/ψ→e+e−
d2N
2pipT dpT dy
=
1
2pipT∆pT∆y
NJ/ψ→e+e−
ANEV T
(2)
where NJ/ψ is the uncorrected number of reconstructed
J/ψ, NEV T is the number of events in the relevant
Au+Au centrality selection, A is the detector’s geomet-
ric acceptance times its efficiency (about 0.05 ∼ 0.12 for
0 < pT < 5 GeV/c), and ∆pT and ∆y are the bin width
in pT and y, respectively. Acceptance and efficiency cor-
rections (TPC and BEMC related) are estimated by MC
simulations with GEANT3 package [42]. Some of the ef-
ficiency corrections such as TOF and dE/dx related cuts
are extracted directly from data [43].
The systematic uncertainty on the efficiency correction
obtained from MC simulations is estimated by comparing
the difference for the particle identification cut distribu-
tions between simulation and data. In order to account
for the contributions from radiation losses and correlated
background in yield extraction procedure, the mass win-
dow and methods for signal counting have also been var-
ied to evaluate the uncertainties. The total systematic
uncertainties in the integrated pT range are 20%, 11%,
and 10% at
√
sNN = 39, 62.4, and 200 GeV, respectively.
Table II contains a summary of the contributions from
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FIG. 1. The e+e− invariant mass distribution of J/ψ candidates (black open circles), like-sign combinatorial background
(blue dashed line), mixed event combinatorial background (red solid line), and J/ψ candidates with mixed event background
subtracted (black solid circles) in Au+Au collisions at
√
sNN = 39 (a), 62.4 (b), and 200 GeV (c) for centrality 0 - 60 %.
The J/ψ signal shape from a MC simulation is combined with a linear residual background and is fitted to the combinatorial
background subtracted data (black solid line).
the different sources. The agreement of distributions, re-
lated to BEMC cuts, between data and MC simulations
at
√
sNN = 39 GeV is less precise owing to the large
uncertainty of the BEMC related cuts. The centrality
and transverse momentum dependence of the total sys-
tematic uncertainties are reflected in the results shown
in Section III.
Systematic uncertainty source 39 GeV 62.4 GeV 200 GeV
TPC tracking cuts (%) 8 7 6
BEMC related cuts (%) 17-25 3-5 1-2
TOF related cuts (%) 2 2 2
Yield extraction (%) 6-12 2-7 5-11
Total (%) 19-29 10-12 8-12
TABLE II. The contributions of systematic uncertainty
sources for 39, 62.4 and 200 GeV.
III. RESULTS
The J/ψ invariant yields as a function of pT in Au+Au
collisions at
√
sNN = 39, 62.4, and 200 GeV for different
centrality bins are shown in Fig. 2. As expected, the J/ψ
invariant yields are larger in Au+Au collisions at larger
center-of-mass energies. Results from the current mea-
surements (year 2011) are compared with the published
results from data taken in 2010.
Nuclear modification factors (RCP , RAA) are used
to quantify the suppression of J/ψ production. RCP is
a ratio of the J/ψ yield in central collisions to periph-
eral collisions (centrality: 40-60%) and defined as follows:
RCP =
dN/dy
〈Ncoll〉 (central)
dN/dy
〈Ncoll〉 (peripheral)
(3)
where 〈Ncoll〉 and dN/dy〈Ncoll〉 are the average number of
nucleon-nucleon collisions and J/ψ yield per nucleon-
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FIG. 2. J/ψ invariant yields in Au+Au collisions at
√
sNN = 39, 62.4 and 200 GeV as a function of pT for different centralities.
The error bars represent the statistical uncertainties. The boxes represent the systematic uncertainties. The STAR published
results are from Refs. [40] and [10].
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nucleon collision in a given centrality, respectively.
dN/dy is obtained from the integration of the J/ψ pT
spectrum. Due to the limited pT coverage of the mea-
surements, the extrapolation of the pT spectrum is done
by the two following functions:
dN
dpT
= a× pT
(1 + b2p2T )
n
(4)
dN
dpT
= l × pT × exp−
mT
h , mT =
√
p2T +m
2
J/ψ (5)
where a, b, n, h and l are free parameters. The differ-
ence between these two functional fits has been taken as a
source of systematic uncertainty. Note that RCP reflects
only relative suppression - if the modification of J/ψ yield
in central and peripheral bins is the same, RCP is equal
to 1. The RCP , as a function of the average number
of participant nucleons (〈Npart〉), for Au+Au collisions
at
√
sNN = 39, 62.4 and 200 GeV, are shown in Fig. 3.
Note that the peripheral bin selection is 40 - 60% central
Au+Au collisions for these three energies. The system-
atic uncertainties for RCP are mainly from TPC tracking
cuts. Systematic uncertainties originating from yield ex-
traction, BEMC and TOF related cuts, and nσe cuts,
are negligible or mostly cancel. Significant suppression is
observed in central Au+Au collisions at 62.4 GeV, which
is similar to 200 GeV.
RAA is obtained from comparing J/ψ production in
A+A collisions to p+ p collisions, defined as follows:
7RAA =
1
TAA
d2NAA/dpT dy
d2σpp/dpT dy
(6)
where d2NAA/dpT dy is the J/ψ yield in A+A colli-
sions and d2σpp/dpT dy is the J/ψ cross section in p + p
collisions. The nuclear overlap function is defined as
TAA = 〈Ncoll〉/σppinel, where σppinel is the inelastic cross
section in p + p collisions and is equal to 34 ± 3, 36 ± 3
and 42 ± 3 mb for 39, 62.4 and 200 GeV [44], respec-
tively. If there are no hot or cold nuclear matter effects,
the value of RAA should be unity.
To obtain RAA at
√
sNN = 39 and 62.4 GeV, we have
to derive the J/ψ cross section in p + p collisions be-
cause there are no measurements available for the p + p
references at STAR for these two energies. There are
several p + p measurements from fixed target p+A ex-
periments [45–47] and from Intersecting Storage Ring
(ISR) collider experiments [48, 49] near these two ener-
gies. However, the pT shapes from Ref. [48] and Ref. [49]
at 63 GeV are inconsistent with each other and the cross
section measurements at 39 GeV are comparable to (or
even larger than) that at 63 GeV. Therefore, we use the
cross section derived in Ref. [50] as our p + p reference
baselines for
√
sNN= 39 and 62.4 GeV. In Ref. [50], the
world-wide experimental data on J/ψ cross sections and
kinematic distributions in p + p and p+A collisions at√
s = 6.8 - 7000 GeV are examined in a systematic way.
The authors explore the
√
s dependence of the inclusive
cross section, rapidity and transverse momentum distri-
butions phenomenologically and develop a strategy for
the interpolation of the J/ψ cross section and kinematics
at RHIC energies. This approach is found to describe
the world-wide J/ψ data reasonably well. With this
strategy, the predicted J/ψ cross section times branch-
ing ratio at
√
s = 39 and 62.4 GeV in mid-rapidity are
Br(J/ψ → e+e−)dσ/dy||y|<1.0 = 9.0± 0.6 and 17.6± 2.1
nb, respectively.
With the derived p+p references for 39 and 62.4 GeV,
and the measured p + p baseline at 200 GeV [40, 51],
we obtain the RAA of J/ψ for pT > 0 as a function of
Npart in Au+Au collisions at
√
sNN = 39, 62.4, and 200
GeV, as shown in Fig. 4 (a). The differential RAA in J/ψ
pT is shown in Fig. 4 (b). The measurements from SPS
[5, 7, 8] and LHC [52] and the expected RAA with com-
plete ψ(2S) and χc melting and no modification of the
J/ψ yield [53] are also included for comparison. Suppres-
sion of J/ψ production is observed in Au+Au collisions
from 39 to 200 GeV with respect to the production in
p + p scaled by Ncoll. For RAA as a function of Npart,
no significant energy dependence is observed within un-
certainties from 17.2 to 200 GeV. For the J/ψ RAA as a
function of pT , significant suppression is observed at low
pT (pT < 2 GeV/c) from 39 to 200 GeV. The modification
of J/ψ production is consistent within the systematic un-
certainties for these collision energies. The ALICE [52]
points are also shown for comparison. In comparison with
PHENIX results at forward rapidity [33], the suppres-
sion of J/ψ shows no rapidity dependence at
√
sNN = 39
nor 62.4 GeV within uncertainties.
As shown in Fig. 5, theoretical calculations [13] with
initial suppression and J/ψ regeneration describe the
data within 1.6 standard deviation. The RAA results
as a function of collision energy for 0-20 % centrality are
also shown in Fig. 6. Since ALICE data show no signifi-
cant centrality dependence, we think it is appropriate to
use the available 0-10% data at 2.76 TeV [52]. Theoret-
ical calculations are also included for comparison. The
calculations include two components: direct suppression
and regeneration. The direct suppression represents the
”anomalous” suppression of primordial J/ψs due to CNM
and color screening effects. According to the model cal-
culations, the RAA is about 0.6 for central collisions with
only CNM effects. The regeneration component is re-
sponsible for the contribution from the recombination of
correlated or uncorrelated cc¯ pairs. The feed-down to
J/ψ from χc and ψ
′ has been taken into account in the
calculations. No significant energy dependence of RAA
for 0-20 % centrality is observed at
√
sNN < 200 GeV.
As the collision energy increases the QGP temperature
increases, thus the J/ψ color screening becomes more
significant. However, in the theoretical calculation [13],
the regeneration contribution increases with collision en-
ergy due to the increase in the charm pair production,
and nearly compensates the enhanced suppression aris-
ing from the higher temperature. The higher RAA at
ALICE may indicate that the surviving J/ψs are mainly
coming from the recombination contribution. The model
calculation describes the energy dependence of J/ψ pro-
duction from SPS to LHC.
IV. SUMMARY
In summary, we report on recent STAR measurements
of J/ψ production at midrapidity in Au+Au collisions at√
sNN = 39, 62.4 and 200 GeV. Suppression of J/ψ pro-
duction, with respect to the production in p + p scaled
by the number of binary nucleon-nucleon collisions, is ob-
served at these three energies. The observed suppression
is consistent with the suppression of directly produced
J/ψ mesons. No significant energy dependence of the nu-
clear modification factor (either RAA or RCP ) is found
within uncertainties. Model calculations, which include
direct suppression and regeneration, reasonably describe
the centrality and energy dependence of J/ψ production
in high-energy heavy ion collisions.
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